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Users of future generation wireless information services will have diverse needs for voice, data,

and potentially even viclco communications in a wide variety of circumstances. For users in dense,

inner-city areas, low power PCS technology should be ideal. Vehicular-based users traveling at

high speeds will need high power cellular technology. For users in rcmole or inaccessible locations,

or for applications that arc broadcast over a wide geographic area, a satellite technology would bc

the best choice. Packet data networks provide an excelle]lt  solution for users requiring occasional

small messages, while circuit switched networks provide more economical solutions for larger

messages. TO provide ubiquitous persona] communications service, it is necessary to capitalize on

the strength of each wireless technology and network to create one seamless intcrnetwork

including both current and future wired and wireless networks.

As an initial step in exploring the opportunities afforded by the, merging of satellite and

terrestrial networks, F3el]core and JPL conducted several experiments utilizing Bel]core’s

experimental Personal Communications System, NASA’s Advanced Communications Technology

Satellite (ACTS) and JPL’s ACr13 Mobile Terminal. These expmimcnts provided valuable

information on the applications, interfaces, and protocols nccdccl for seamless integration of

satellite and terrestrial networks. Looking at loss of bits, packets, a]ld higher layer blocks over

various s:itclli~c-terrestrial networks with mobile and stationary users u~idcr various conditions, our

initial rcsu]ts indicate that the communication channel can vary dramatically, even within  a single

network. The effect of these conditions on error ccmtrol  protocols is highlighted, with a

concentration on those that correct for losses of packets and higher layer blocks.
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1 Introduction

The clcmand for persona] information services has exploded in rccen[  years and there seems to

be no end in sight. This includes such fields as voice col~lll~L1llicaticJrls,  data cor~llllullicatio~ls,  image

and video collll~lLl]~icatiorls,  multimedia, and interactive coll~~llLlllic:ltic~lls  to name but a few.

Although  the technologies arc available to suppor( these applications, the interopcrability among

tcrres(ria], satellite, wired, wireless, packet, and circuit networks remains an important challenge.

CUrrcnt 1 y, many different, and sometimes conflicting,, and non -i n t cropcrable

tclccoIlllllL)llic:itio]ls  networks arc dcployecl  or planned. ~’his is the case for both satellite networks

as WC]] as for terrestrial networks. Satellite system providers arc phinning  and deploying the so-

callcd “little 1,l-;Os (1 .OW Earth Orbit satellites)” for data-on] y scrvicc.s, “big LEOS” for voice

services, Mf30s (h4cdiun~  Earth Orbit satellites) and G130s (Geosynchronous satellites) as well [ 1 ].

Terrestrial system providers are planning and cleploying digital cellular systems, packet data

networks, and micro-cellular PCNS using low-power hancl-he]d  communicators. As these systems

will all co-exist, it is important to insure their compatibility with each other at the earliest

opportunity.

In order to invcstigtite  the integration of these systcn~s into a scaJnlcss  network, 13ellcore  and

J]’]. conducted a series of cxpcrimcnts  [2] to demonstra[c  the joint  LISe of satellites ancl terrestrial

networks in the delivery of persona] collll~~ullicatic~lls  services. For thcsr experiments, applications

communic.atcd over various combinations of networks including satellite, wireless packet data, the

wired ]ntcrnct, anti the wired Public Switched lclecomn]unications  Network (PS’H’4). This paper

describes results from several ficlcl trials conducted duri]lg August 1994 and January 1995 in Los

Angeles, CA and h40rristown,  NJ. Section 2 describes ttle experiments including the experiment

goals, the hardware configurations, the satellite and terrcstria] protocols, and the applications.

Section 3 presents the results of the field trials in the following areas: radio network

characterization, error characteristics, packet size, and ARQ paratncters.  Section 4 provides an

analysis of the results and suggestions for future systems.

2 lhperiment Description

This section describes the satellite-enhanced personal communications experiments, The goals
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of the experiments arc listed first, followed by a dc.scriptioil  of the experiment configuration. Next,

the satellite and terrestrial protocols are explained, and last 1 y, each of (IIC applications is described,

29djkye)-i)lleJll  Gmh

The cxpcrimcnt goals fell into three categories: a) dcmollstratc  the delivery of personal

col~llll~lnici~tiol]s  applications via satellite, b) demonstrate interopcrability  of satellite and terrestrial

networks, and c) evaluate protocol mechanisms and paran lctcrs that make efficient LJSC of wireless

links. ‘J’his work is important because:

● Applications currently planned for terrestrial PCH3 n{ed to be delnonstrated  on the satellite

network 10 determine their behavior, and conscquent]y  their commercial viability, in a sate] lite-

enhanccd  persona] communications network.

● Various terrestrial wireless networks, including packc.t data and cellular networks, need to be

integrated with the satellite network to evaluate overall cnd-to-encl systcm  performance.

● l’hc protocol mechanisms (e.g., selective vs. cumulative ackl~o~~’lcdgl~lc]lts)  and parameters

(e.g., packet size) developed for terrestrial PCS need to bc tested and optimized for use over

satellite and integrated terrestrial/satellite networks,

&-2 lhpel-i!?l(?lll CQnflglm!llm

“J’hesc cxpcrimcnts utili~,cd  13 C11COJC’S  E x p e r i m e n t a l  Perscmal Communications System ‘

(IlltPCS),  NASA’s Advanced CoJlll~~tlllicatio~ls  Rchnology  Satellite (AC’I’S), and JPL’s ACTS

Mobile “J’erminal  (Ailfrl’). Figure  1 shows the experimental configuration involved in this series of

cxpcrimcnts.

BEPCS consists of a Data Gateway PC locatecl  at the satellite grouncl station, the portable PCs

(one belonging to the hypothetical Johndoe and the othcl belonging to the hypothetical Janedoe),

the credit card scanner, the prototype application softwarr (SCC 2*4), al]d an experimental transport

protocol 2’PE (see 2*3), All the BEPCS  hardware uses standarcl  commercial components with

cLIs(om applications and protocols. The Data Gateway has multiple serial ports allowing it to route

all five connections simultaneously: ACTS Safcllite liljk, RAM wirc]css packet data network,

Internet, PSTN to any fax, and PSTN to any telephone. The portable I’CS, however, have only a

sing]c seri:il  port, so during internetworking  experiments the RAM modcm was directly connected
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to the satellite equipment, bypassing .lolmdoe’s PC.

ACTS is an cxpcrimcnlal K/Ka-band  satellite developed by Ma~lin Marietta Astro Space under

contract to NASA, The satellite, launched into gcostationary  orbit at 100 degrees west longitude in

September 1993, operates in a virtually  untapped frequency spectrum in the K- (20 GHz) and Ka-

bands (30 GIIz).

The AMT [3] is a proof-of-concept K/Ka-band  mobi]e  colllr~lt~rlic:\tions  terminal intended to

demonstr:itc  the system techniques and high risk tcchno]o~ies  needed to accelerate the commercial

usc c)f land-mobile systems at K/Ka-band.  One such tcchniquc  is the. ability to integra[e  the mobile

terminal for satellite collllllLIIlicatiolls  with terrestrial pmsonal  col]~l)-lllllicatiolls  equipment. To

support this integration, the AM”]’ g’erminal  Controller ]Jrovides  a digital intexfidce  between the

portable PCS and the AMT. The data signal is then up/downconvertcd  to the satellite frequencies

for transmission over the K/Ka-band  channel. The baselillc  AMrl’ can support up to 128 kbps full-

dup]cx colllrllllllic:itio~ls;  for this experiment, a 9.6 kbps link is LISCCI.  1 ‘or land-mobile experiments,

the AMT is mounted in a customi~.cd Ford Econolinc  350 van. The fixed station, locatccl  at JPL,

utilizes a 2.4nl  antenna ancl a 10W high power alnplifier  (} IPA).

Both the AMT and the fixed station arc equipped with identical data acquisition systems (DAS).

The I)AS performs continuous measurements and recordings of a wide variety of propagation,

collllllLlllic:itiolls  link, and terminal parameters (e.g., received data, received power levels, and

status of the pilot signal. ) ‘1’he signals arc sampled at a rate of 4000 sany>lcs/second  and arc

rccordccl on 5 Gbytc Exabytc  tapes for off-line evaluation. The time, vehicle velocity, and position

arc derived from an on-board GPS system and updated at 10 Hz ([imc) ancl  100 Hz (velocity and

position),

Figure  1 shows the communication channels. The primary channel used for evaluation and

nlc:tsurcments  was that between Johndoc’s  PC and the Data Gateway via the satellite channel. The

most demanding configuration was the connection from Jancdoe’s 1’C located in New Jersey, via

the RAM network, via the AMT van (effectively acting as a mobile base. station), over the satellite,

through the l>ata  Gateway located in Los Angeles, and back over the lntcrnet to a L]SCI  back in New

Jersc.y.
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2“.? Protocol IAX@@
An important question rclatecl to satellite-tcrrcstria] intcmpcrability  is whether the data

communications protocols can operate efficiently across multiple channels. Most protocols in use

today (e.g., TCP/IP) have been optimized for wirc]inc cllanncls;  their usc over wireless networks

presents significant ncw challenges. The radio and free space channc]s characteristic of these

networks introduce noise, multipath  interfcrencc, shadowing, and weather effects that can cause

higher bit error rates and longer periods of increased bit errors than their wireline counterparts.

Host motion creates time-varying communication paths that can cause.  packet delay, disordering,

duplication and loss. in addition, the satellite-link channc] can add significantly to the round-trip

packet delay, especially when geostationary  satellites are used. As currently envisaged, both

terrestrial and satellite systems will operate in bandwidtl  I limited channels where efficient usc of

the spcctrurn  takes on great impor[ancc.
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These experiments usccl two indcpcndcnt  protocols: the AMT col~llllllllicatio~ls  protocol for the

sa(cllitc link, and ‘1’PE located in the end systems.

2“3’1 AM7’ C[)/t~??ll~?~ic{iii~)]t.v  Protocol Descripticm

The AM’]’ provided the satellite coll~lll~lllicatiol~s  between terrestrial dc.vices including lhe Data

Gateway, the por~ab]c PCs, and the RAM modem. ‘1’hcse devices interfaced with the AMT system

by sending packets throLIgh a sfandard asynchronous RS232 serial port, 1 lowcver,  the AMT system

is based on synchronous data transmissions, wi(h specially designated signals to control data

flow.r~o  minimize development time and costs, the discre])ancics  in data flow between the devices

and the AMq’ systcm were handled by mollifying the existing open-cndcci, unacknowledged, full -

dup]cx  AMT colll~llLlllicatiolls  protocol (simil:ir to that used for a voice link).

This modificcl AMT protocol maintained a link at all times (cilcuit  connection); any data

reccivcd  was imn~cdiately  transmitted over the satellite link with minimal buffering. In order to

maintain the col~~lllLltlic:itions  link during periods when there was no data from the device, the

protocol transmitted uniquely idcntifiab]c  “fill” bytes. C)]l the receiving cncl,  the protocol removed

the fill bylcs,  passing only data bylcs to the receiving de)ice.

A satellite fill patlern was chosen that could not occur in the Serial I.inc lnternet Protocol (SLIP)

[4J. As S1,11’ uscs an escape byte of OXDB (i.e., 1101101 1), with cscapc-end  being OXDBDC and

esc:ipc-mcapc bcin.g 0x1 J13DD, the uniquely ide.ntifiab]c  fill pattern of OXIIBDR  was chosen.

2*.3*2 Wimlc.w l)rolocol (7’PE) Dc.vcriplion

AlthoLlgh  existing protocols (e.g. TCP) provide efficient error control over conventional wired

networks, wireless networks present significant new challenges. The radio environment introduces

noise and mu]tipath  interference that can cause bursts of errors, wrhilc host motion results in

changing communication paths that can cause packet clelay,  niisordcr]ng,  duplication, and loss.

Furthermore, scarce radio resources make bandwidth efficiency desirable. An experimental

transport protocol was used, called TP13 (details of ‘IPE can bc found in [5]), optimized for

wireless networks, Although TPF; is in the cnd systems, the location of the error control (e.g.,

whether solely on the wireless link or in the end system) was not addressed, The main objective

~,as to Llnderstand  tile typcs of nlechanisnls  and paran]eters  that are clesirablc  On wjre]ess  networks.

TPE uses the following flexible message framing rncchanisms:
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● Framing into chunks  that fit inside a network packet.

● Transport }kotoco] Data Units (] ’I)~]s) using an integel  number of chLmks.

● Signaling to rcclucc the chunk header size.

Figure  2 shows an example of how TPE segments al I application I’I>U (A I’DI-J) into 5 data

chunks. in a(ldition  to, the 5 data chunks,  TpE adds 2, e] ror det~ction  (J~Jl) chllnks> because the

application block was split into 2 Transport PDLJs (’I’PD[Js). TPE moves chunks directly to and

from main memory - application data is never copied at the level of APDU or TPDU, Chunks

contain only one type of information (e.g., a data chunk contains application data, while in an ED

chLInk cmtains on]y parities).

A datagram protocol, such as 1P, transmils full address and Quality of Service (QOS)

information in each packet. A virtual circuit protocol, like the TPE (or ATM), relics on advanced

signaling to set up a virtual connection before sending data. Following this advanced signaling, a

small virtu:il circuit identifier identifies the full address/<)OS information. The chunk header sends

the virtual circuit identifier along with other information that identifies exactly what information it

contains; thus chunk headers identify the information, allowing out-of-order processing of chunks.

This contrasts with “soft” virtual circuits, where H packet is dependent on previous packets, Such

a schcmc CIOCS not work well in a wireless e.nviromnent  (with frequent packet corruption,

duplication, loss, misordcring, and propagation delay), because if key segments are lost,
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SUbSCC]LICll[  packets l13LlSt  bc dropped un(i] end-to-end retransmissiorls  m-synchronize state.

The small chunk header allows ‘1”’PH  to scncl a chunk in each packet, even with small packets. Jf

a ‘l’CP/II’ TPDIJ is fragmented into 1P packets, it adds 20 bytes/packet (for 11’ fragment header) and

20 bytes/TPIJU (TCP header). If the TCP/IP TPI)U is fragmented into packets without a header,

TCP/IP zickls  only 40 bytesfl’PDIJ;  however, if any packet is lost or misordcred the entire TPDU is

lost. in the field trials, TPE added 8 bytes/packel for chunk header, pLJt cxact]y  1 chunk/packet, and

used 4 by[cs/TPDIJ for error detection parity.

TPE’s error control mechanisms (operating on the Tf’1 IUS) arc:

● Error detection using a powerful 32-bit code.

● powerful .A]<Q (Auton~atic  Repeat rcQuest).

● Combining data from multiple transmissions.

The error detection parities detect corrupted data, Usj ng few parities (e.g., 2 byte parity) or a

weak Coclc  (e. g., ]ntcrnet  checksum) leaves a significant chance of falsing, particularly in the

hostile radio environment. TPE sends 4 parity bytes pcr ‘1’PDIJ,  encodccl  using the Weighted Sum

Code [5], The. Weighted SLm] Code has similar error detection propcrlics  to the CRC, but can be

Ca]culatccl faster (within a fidctor of (WO of the lnternet  checksum).

T1’li  uscs a computationally  demanding form of ARQ: using selective-acknowlcdgrnents

(rcccivcr sends a list of correctly reccivcd  TPD1 Js rather than a single cumulative

:ick]~ov~lc(lgl~)el~t)  and selective retransmission (transmitter only resends those TPDUS that are

unacknow]cdgcd  after a time-out interval, rather than a Go-back-Ii schcmc that resets the send

pointer after rctransmissions).  The added complexity improves banclwidtb efficiency and reduces

latency variance by preventing unnecessary retransmissions [7].

TPE combines chunks from multiple partially received TPDIJs to make up a complete TPDU.

TPE combines clat a from djfferent transmissions of the same TPIJIJ. If the receiver gets a subset of

a TPDIJ’s chunks in the first transmission (and the remaining chunks were lost), then, when the

TPDLJ is rctransmit~cd,  the receiver only processes thr nlissil~g chllnks  (eliminating duplicate

chunks). ]f chunk loss is more frequent than chunk cormption, combining data can significantly

reduce the total number of retransmissicms.
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‘lb allow fast set-up and robust connections TPE uses two key mechanisms:

● Fast opening and closing of unreliable m~ncctions.

● Rc]iablc  sessions.

Ccmncctions  identify a path between two sessions. Using timer-based connection management,

connections arc set-up without a three way handshake, allowing data to be sent imrnedia(ely  after

a set-up message. A reliable bidirectional session uses tlIc unreliable single party, unidirectional

ccmncctions,  :is rcqujrcd. 7’l]c  session layer may use multiple connections during a session, either

for cfficjency (to C 1 OSC the network connections dul”jng pcrjods  of jnactivjty) or for re-

establishment of lost connections. The session layer could transparently rc-establish failed

connections. For our cxpcrjmcnts,  TPE kept connccticms  open until the session was CIOSCC1.
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l~or these trjals, four messaging applications designed to suit mobile users were developed.

Figure 3 shows the relationship among the applicatio}ls, the wj rclcss net works, and the error

control protocol. All the application and protocol softw:ire  executes on PCS running UNIX 1. The

server applications ran on the Data Gateway, and the client applications on the two portable PCs.

The applications on the portable PC’s had an X-windows2/Motif  interfidce.  The four messaging

:ipplic:ttions were: a) Bmail, b) Ftix, c) Call Command and d) Credit  Card Verification.

The E-mail application allows mobile users to exchange text messages with any machine on the

1 ~Jnix is a rcgiste.rcd  tradca~ark  of Novell. Inc.
2 X-WincIows  is a tr;idcmark  d MIT.
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lntemct. The Fax application sends and receives standard Group 111 faxes between a mobile user

and any standard fax machine connected to the PS’1’h’.  Both the E-mail and J;ax application servers

reduce bandwidth on the wireless link by sending only a s]nall n~ail/fax  header automatically to the

mobile user. lhc user is informed of the incoming message and can dccictc whether to request

delivery of the (potentially large) body of the message.

Cal] Commmd  [6] is a personal telephone management application that enables users to redirect

telephone calls in real time. If someone calls Jancdoe,  the Call Command server (the Electronic

J<cccptionist)  tells the caller to wait while .lanedoc  is contacted. l’hc Call Command server sends

information about the incoming call  to Janedoe’s  portable PC. Upon rccciving the notification,

Jancdoc  can route the call directly, either to any local phone, to voice mail, or to another person.

The Credit Card Verification application was desig]wd  fol field service and sales people

submitting charges for equipment or services anywhere within the. rwdio coverage area, The user

scans [i credit c:ird, causin~  a window to pop-up (on the portab]c PC) with the information on the

card. WhcJI the user enters the amount of the transaction, it sends a Jncssagc  to the credit card

server. A database at the server (the Data Gateway for this case) stores valid credit card numbers

and available credit line. After checking the database, the server sends a message back either

authorizing or rejecting the transaction.

& [;.)f!ii]l(!nt 1+7-)c(?d[dl-i!
During [hc 1.OS Angeles and Morristown field trials, experiments were conducted under varying

channel conditions in order to characterize hybrid satclllte-terrestrial personal communications.

130th stationary ant] mobile tests were conducted at various signal strength  levels. For these’tests

the van was either parked (stationary communications) 01 driven (mobile communications) while

the tests were being executed. Mobile conditions present more adverse and unique conditions for

a corl~lll~lt~ic:itiox~s  network (particularly shadowing which disrupts the line-of-sight to the

satellite).

Control over the signal  level was accomplished by measuring the bit signal-to-noise ratio (bit

SNR or I;I,/N(l).  The Fih/N{J was measurecl by filtering the reccivcd signal with a known noise

equivalent bandwidth (BW) filter. The resulting signal was supplied to a power meter for
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n~casurcment.  With this measurement from the power meter,  the pm-calibrated noise-only power

rcacling, and the known bit rate, the DAS calculated and displayed the Eh/NO level. For the

stationary tests, the target li~/NO range was between 5 dB and 12 dJ3. This provides a wide rage of

bit error rates in which the performance of TPE can be examined.

For the mobile tests, Ihc 13b/No was set at a high level (- 13d13) to allow charactcri~,ation  of

shadowing ttnd fading events, “Iks(s were rLIIl h both clear weather (1 .A in August) and inclement

weather (New Jersey in January). In addition, runs were taken on loads with clear ]inc-of-sight

(LOS) to the satc]litc  as WC]] as roacls with foliage and/or buildings that disl”upted  the clear 1.0S to

the satellite.

Each of the four messaging applications was tested under  the various field conditions. These

applications were used to determine the behavior of wireless messaging applications in a mobile

satellite environment. ]n order to characterize the protocol, a simple f~le transfer application was

used that sent a 100 kilobyte file from the portable PC to tile Data Gateway and vice versa, No data

compression was used, By sending the same. file, we were able to gauge the relative

communication throughput and delay at various locations. TPE was instrumented to collect a wide

variety of packet and TPDU statistics at the transmitter and receiver as they affectccl packets and

TPDU s .

Normal] y terrestrial radio errors arc presented sole] y ill terms of bit error rates and error control

is looked at solely in terms of mech[inisms  that control detect and correct bit errors. The error rates

on packets and TPI]lJ,  however, can be as important to the user as the fundamental bit error rate.

Also, the error control mechanisms that work at the packet and 7’1’1)11 level (using 11’E in our

cxpcrimcnts) can bc as important as (and complimentary to) mccha~iislns that reduce the bit error

rate. Although the results presented here are not exhaustive, they lead to some interesting initial

findings about a) the characteristics of radio networks  as seen from tlw level of packet and TPDU,

and b) the performance of different ARQ mechanisms

retransmissicms.

a ~;xperinlent  Results

in reducing packet  and TPDU

This section summarizes the results from the field trials. As mentioned previously, the goal was
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to characterize the error cnvjronnmnt  for satellite wireless networks and study it’s impact on the

‘1’PE protocol and “real-wor]d” applications.

All the quantitative results prescn(ed below were obtained by sending the same 100 kilobyte file

over both stationary and mobile links. The following sections describe the. error distributions, first

as they affect the bit error distribution within a packet, then as they affect the packet error

distribution within the TPIllJ,  and finally as they affect l’PDU retransmission. Finally, this section

dcscribcs  the performance of the error control mechanisms.

$*1 Radio NclMvd cl~{l)-{ictc)-izotic)ll

The radio environment for a stationary satellite link is substantially different from that for a

mobile sa(c]litc link. g’his  can bc clcasly  seen by comparing Figure 4 and Figure 5. Both figures

show a rcprcscn(ativc time series of bit signal-to-noise (E.b/N~).  ]:igurc  4 shows the radio

environment for a stationary link where the bit sig,nal-to-noise at the start of the [cst was set to 11.5

dB. Although there was some fluctuation, the maximum signal variation was less then 1 dB. Figure

5 shows tbc case where the initial bit signal-to-noise was set to 8 dB and the van was mobile. Here,

the signal varied up to 3dB for minor shadowing, and large drops of greater then 20 dB were

present later in the run. Thus it is c]car that there is a lar~c difference in the Eb/No characteristics

bctwccn  stationary and mobile runs,

$*2 Poctct  I<ITOC  <lll[~j:[ic:tel-ifiytic.v.

As cxpcctcd, the diffcrcncc in the E@() characteristics translates into significantly different

packet error distributions bctwccn the mobile and the stationary runs. Using results from

cxpcrimcnts where each ‘1’PDU was composed of 5 small (24 byte or 32 byte) packets, Figure 6

and Figure 7 show how many of the 5 packets vvcrc cleslroyed within corrupted ‘1’PDUS. For the

stationary tests, Figure 6 shows that the majority  of TPD1ls lost only onc or two packets; Figure 7

shows that for the mobile tests, most corrupted TPDUs had all 5 packets destroyed. lntcrestingly,

in stationary tests with larger (128 and 256 byte) packets (not shown), almost all TPDIJs lost only

a sing]c packet.

.J”.J T])]) [J I<rror Char{~cteri,vtics

The number of TPDIJs lost or corrupted in transmission was significantly higher for mobi]e runs

D, S. ]’inck, A. J. McAuley,  M. Kramer, and 1.. Tong, “Satellite-l inhanced  Personal -12
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elapsed seconds

than for stationary runs due to the substantially lower Eb/No’s  which exist for the mobile case. This

result is easily predictable; however, of greater interest is the numbc.r of retransrnissions which

were rcquirecl before a successful transmission was achieved. Figure  8 shows that for the stationary

tests, the majority of the lost/corrupted TPI~lJs were sen{ successfully with only one

retransmission. Fcw (under 2070)  of (he lost/corrupted TPDIJs rec]ujred more than a single

retransmission, in con(rmt to this relatively small pcrce]itage,  Figure 9 shows that for the mobile
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tests, most (over 7(X%) of the lost/corrupted TPDUS needed sevcml  retransmission. Thus it

appears that

SLICCcSSfLl]]y

the mobile environment requires substantially more retransmission attempts 10

ransmit  a lPDU than a stationary environment.

394 Packet  Sizg
C)nc  error control parameter that u’as varied  w’as the size of the packet. For this series of tests,
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the packet size was variccl from a small packet  size of 24 bytes per packet  to a large packet size of

~5~ 13y[es  per packet. ‘J’llc szillle  100 kbyte  file was sent for each packet size and the transmit time

was measured.

Results indicated lhat under good conditions (that is, high El,/N(J values), the L]SC of larger

packets reduced the time needed to send the 100 kilobyte file as it lcsscncd  per-packet processing

ovcrhc;id.  l;or example, it took approximately half the time to send the file using 256 bytes per

packet as it did using 32 bytes per packet. Under poor conditions (with lower E@O  values),

however, the larger packet size often took much

cases wou]d rcsu]t in no usefu] throughput.

lmlger th:~n usins smal lcr packets, anti in extreme

-~.-i A[(Q ]~(i~{~jjl~t((~,~

Figure 10 and Figure  11 show the effect of changi]lg  two ARQ parameters: the types of

acknowledgment and the number of packets per q’PDU

Figure. 10 shows the average time to transmit the 100 kbyte file using cumulative and selective
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acknowledgments with both high and low signal-to-noise ratios. The. rcsulls  indicate that the type

of acknowledgnmnt had little effect on the file transfer time with high signal-to-noise ratios;

however, the use of selective acknowledgments significantly reduced ]akmcy, and was therefore

more bandwidth cfficicnt  with low signal-to-noise ratios.

Figure 11 compares the average time to transmit the smne 100 kbyte  file using different numbers

of packets per TPDU. As expcctcd,  the processing and bandwidth overhead associated with a

TPDU meant [hat very small TPDLJs were less efficient. More surprising is that the very large

TPDUS did not significantly degrade performance. even for runs with low signal-to-noise ratios,,
‘,\\

.3*6 lirror DCIe&OE——
The satellite-elllla~lced PCS trials did not utilize link error control; therefore there were many

packets with bit errors. However, all errors were detected by the powerful 32-bit TPDU error

detection parities,
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4 Analysis

491 AM7’ .vy.vtcnl

III order to simplify the integration between the JPL and 13cllcorc  equipment and to reduce the
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dcvclopmcnt time, a modified AMTprotocol  was clcsigncd. This protocol necessarily has some

shortcomings (known a priori and observed during expcrilncntation)  which arc described hem.

There were no signal controls between the Bc]lcore  ecluipnlcnl  and the AMT for initiating and

tcm]inating  a satellite link. Thus, the satellite link had to bc manually established inclepcndcnt  of

and prim to Ihc initiation of a data transmission. At the cnd of a data transmission, the satellite link

had to bc manually terminated. A dynamic link allocation which dots not require operator

intervention woLl]d bc nlLIch more desirable.

The open-ended link meant that the communications channe] was occupied at all times even

when there was no “real data” being transmit[cd.  Although this was not a problem during

cxpcrimcntation, it is an inefficient usage of an operational satellite channel.

The next weakJIcss  is rclatecl  to corruption of the “fill” bytes. Since the satc]]ite  link was open-

cnded with no acknowledgments (the AMT systcm simply pipes data through will]  no additional

error detection overhead), during the satellite link transmission “fi]l” bytes whic}l suffered bit

errors were not dctcctcd  at the AM’]’ receiving end, Any ~mdetectecl  “fill” byte was assumed to bc

data and passed 10 the Bcllcore  equipment. Thus, the data sequcncc  rcceivcd by the 13ellcore

cc]uipment was likely  to contain additional (erroneous) data bytes. “l’his  places more demands on

the rccciving processor of the Bcllcore  protocol.

DL]ring cx]>crilllclltatioll,  the addition of cor~”upted “fill” bytes jn to the clata stream of the

rcccivcr was known to bc occurring and seemed to have varjous  undesirable jmpacts on the TPE

protocol. A]though thcscsh’ortcomin$  were accelxable.  for this experiment, it is evident that a more
,,

efficient protocol would bc beneficial.
,’<, ‘ “

As a result of our experiments, a new AMT conltnul]ications  protocol is being proposed that

eliminates the above shor[c.omings. The key change js that when no data js present, the new

protocol leaves the satellite link idle. By Inajntaining  an appropriately sized data buffer, the

protocol has time to rcsynchroniye  the connection. Although the additional bLlfferiIlg delay is

unacceptable for real time voice or video applications, it is acceptable for most messaging

applications, sLlch as those used in our experiments, which can tolerate a small delay.
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The collllllll~licatic~ll  channel between a satellite and a lanci-based mobile user presents many

challcngcs,  including signal fading. In general two different types of fading are encountered:

multipa~h intcrfcrcncc and shadowing. Multipath  fading occurs when rcflcctcd  (and/or clelayccl)

copies of the transmitted pulse are coincident with the line-of-sight signal. Shadowed fading is the

signal  attenuation duc to obstruction or partial obstruction of the transmitted signal by terrain,

foliage, utility poles, trees, buildings, etc., surrounding the mobile terminal. Both fidding  modalities

can cause scvcrc variations in the received power, making rcliab]c collllllLlllicatiolls  difficult.

Shadowing effects arc the most severe source of sjgnal  o~ltagcs in a land mobile satellite system.

h4any  operational terrcstrjal  wireless systems operate at Ul]I; (-800  N4} Iz), while many satellite

systems operate at 1.- and S-bands (1 -3 GIIz,), The attcnllation  due to shadowing increases with

frequency, ancl thus satellite systems

Systems.

“Illc cxpcrimcnts dcscribcd  in this

operate on an inlummt]y  nc)isier  channel than terrestrial

document were conducted usin~ NASA’s ACTS satellite

which operates at Ka-band  (20/30 GIlz). This satellite was not chosell  to suggest the use of Ka-

band for satellite-elll~allccd persona] colllll~Llnicatiol~s.  Rather, it was chosen bccausc  of the existing

a~rai]ability  of the Ka-band AC”l’S satellite experimental platforn). Although the Ka-band

experimental results arc not identical to expectecl results for a similarly configured L- or S-band

systcm, they do provjdc a good indication of systcm  level performance.

It is WCJ1 known that shadowing in Ka-band  systems is substantially worse than in L-band

systems, which thcmsclvcs  arc worse then terrestrial systcrns at UIIF. ‘J’hc Ka-band  cxpcrimcnts,

therefore, serve as a “lower bound” on system prrformancc. Various fadhlg/shadowing

countermeasures arc current] y being investigated, includ  illg error control coding techniques and

antenna diversity. Given the fading effects of L-, S-, and Ka-bands,  it is critical to design wireless

error control schcmcs that work efficiently at these, highcj  freque.ncics.

4“.3 tirrOY COlltrOl  M e c h a n i s m s  Ofzcfforume(cr.v—..————

The results show the importance of powerful error control mechanisms such as selective

acknowledgment and chunk combining [5]. Selective acknowledgments are very worthwhile for

ent’ironments  such as that in a mobile satellite link which are characterized by having  low (and
i ,’,, <,

D. S, Pinck, A. J. MCALdCY,  M. Kramer, ancl 1.. Tong, “Satellite-linhanced  PersonaI -20
CollllllLlllicatiolls  Experiments,” ]nternationa]  J o u r n a l  o f  Satel]itc C;ollllllLIIlicatioll  -



varying) signal-to-noise ratios. Ccm~bining data fronl multiple transmissions caused the

insensitivity 10 TPDIJ size. (Code combining, described i]) Section 2.3, means that the TPDU can

be made up of packets from multiple TPDU transmissions.) The results also demonstrate that

dynamic algorithms are required  to change the error cent ml pal amc.ters.  For example, as the bit

signal-to-noise ratio decreases so should the packet size.

Results obtained here also provide new insights into ll]e possible usc of packet Forward Error

Correction (FIX) in a wireless environment. Although no experiments were performed with FEC,

the results represented in Figure 6 and Figure 7 show that a packet 1 ‘liC scheme, such as that

dcscribccl in [8], would have worked well for stationary tests, hut would have been ineffective

where errors were dominated by long periods c)f fatling. T] ic number of packets of overcoctc should

vary depending on the packet size. For example, two twcrcoctc packets per TPDU would be

necessary to ensure the mos[ TPD(Js with small packets ~,ot through; while, with larger packets, a

single  ovcrcodc packet would have been sufficient.

Thus, just  as the different bit error characteristics translate into different packet error

c]istributions,  so the differences in packet erl-or distribution lead to different TPDU error

distributions between mobile and the stationary runs.

484 ApJ)lication,y

The four messaging applications consistently performed well in stationary tests. More

surprising, however, was that the applications maintained reasonable performance in mobile tests,

even when voice connections were unintelligible (messaging applications are tolerant of wide

delay variation).

5 Conclusion

This paper describes results from satellite-enhanced personal coll]n}L1~licatiolls  field trials using

the ACTS satellite with various wireless and wircline  terrestrial networks. The intcrconnectivity

among multiple wireless communications services shows how a mobile user can have personal

services available even while outside the coverage area of a sin~]e communications provider.

The results of packet and higher ~ayer block loss sl]ow that, even wjthin a single wireless
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network, conditions vary dramatically depending on the t~q>e of fatling ivhich  dominates.

in order to deal with the varying radio conditions, an efficient gc]mral wireless error control

protocol requires powerful error control mechanisms and sophisticated dynamic control

~]gor;l}llljs.  Wjfll I])c C, OrI.CCt b]ock and packet sizes, a selective ARQ protocol can provicle  cfficien’t

crrm control under virtually any radio condition. Also, with the correct packet overcodc  parameter,

an FHC schcmc could  provide efficient low latency error correction under some radio conditions.
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